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1.0  INTRODUCTION 

I 

The  research  programme  covered  by  the  grant  AF0SR-77-3305  arises  from 
the  proposal  (Ref.  1)  which  followed  a previous  period  of  research  under 
grant  AF0SR- 74-2708.  The  overall  thrust  of  this  work  has  been  to  establish 
the  dynamic  behaviour  of  compressor  rotor  blades  in  compressor  inlet  flow 
mal distributed  conditions.  This  may  be  seen  as  part  of  an  overall 
programme  to  evaluate  compressor  behaviour  in  unsteady  conditions,  a pro- 
gramme conceived  in  response  to  the  observed  reduced  performance  of  aero-gas 
turbine  engines  under  a variety  of  disturbed  inlet  conditions. 

Because  the  compressor  internal  flow  behaviour  is  rapidly  time  variant 
experiments  must  include  the  use  of  high  response  rate  instrumentation. 

The  rotor,  which  in  a distorted  flow  sees,  for  instance,  a quasi-steady 
circumferential  distortion  as  an  unsteady,  variable  incidence,  variable 
stagnation  pressure  flow,  is  of  special  interest  and  challenge  in  the  measure- 
ment of  its  unsteady  behaviour.  Hot-wire  anemometry  may  be  used  successfully 
outside  of  the  rotor  plane  but  the  data  measured  can  only  infer  rotor 
channel  internal  flows.  While  hot-wire  anemometry  unquestionably  has  many 
uses  in  this  area,  the  direct  measurement  of  rotor  dynamic  behaviour  carries 
its  own  special  value.  It  was  for  such  reasons  that  a high  response  rotor- 
borne  instrumentation  system  was  conceived  at  Cranfield.  Much  of  its  development 
took  place  during  the  period  of  the  grant  AF0SR-74-2708  and  rotor  data 
were  presented  in  the  final  report  covering  the  work  under  that  grant  (Ref. 2 ) 

; 

The  research  covered  by  this  grant  includes  the  development  of  a high 
speed  peripheral  data  acquisition  and  analysis  system  and  more  detailed 
measurements  of  rotor  unsteady  features. 

( 

This  report  is  the  third  progress  report  in  this  work  programme  and 
covers  the  period  up  to  November  1978. 
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2.0  OBJECTIVE 

The  overall  long-term  aim  of  the  Cranfield  research  programme  is  to 
produce :- 

1.  an  improved  parameter  for  quantifying  distortion 

2.  improvements  in  performance  prediction  techniques  for  compressors  in 
quasi -steady  distorted  flows 

3.  a prediction  technique  for  compressors  in  pulsating  flows 

4.  a design  method  that  will  reduce  compressor  sensitivity  to  inlet  flow 
distortions. 

This  involves  an  integrated  programme  of  research  in  which  five 
experimental  rigs  are  being  used.  In  parallel,  mathematical  models  of 
distorted  flows  and  compressor  reactions  to  them  are  under  development. 

The  detailed  aim  of  that  part  of  the  programme  covered  by  the  research 
grant  AF0SR-77-3305  may  be  quantified  as: 

1.  the  development  of  a custom-designed  data  acquisition  and  analysis 
system 

2.  evaluation  of  rotating  stall  phenomena 

3.  evaluation  of  distortion  on  rotor  transients  and  compressor  behaviour 

4.  flow  modelling 


3 


3.0  DATA  ACQUISITION  AND  ANALYSIS  SYSTEM 

3.1  General  Description 

In  Refs.  3 and  4,  the  details  of  the  custom  designed  and  built  data 
acquisition  and  analysis  system  were  presented.  In  brief,  two  rotor  blades 
each  carrying  high  response  instrumentation  at  the  blade  mid-height  with 
eight  static  pressure  tappings  generates  signals  which  pass  through  a multi- 
plexor board  with  associated  temperature  compensation  to  a peripheral 
system  via  a 24  way  slip  ring.  Following  amplification  signals  are  digitised 
in  an  analogue  to  digital  converter  and  pass  through  a 16k  microprocessor 
which  may  be  used  in  a variety  of  modes  from  data- logging  on  a cartridge 
unit  for  off-line  analysis  on  an  ICL  1903T  computer  to  real  time  data-analysis. 

3.2  Progress  of  the  Unit 

It  was  reported  in  ref.  4 that  late  delivery  of  components  had  delayed 
manufacture  but  that  commissioning  trials  had  begun.  An  intensive  series 
of  checks  has  taken  place  in  the  course  of  which  a number  of  software 
and  hardware  problems  have  been  resolved.  This  work  is  now  virtually 
complete  and  application  of  the  unit  in  gaining  experimental  data  is  now 
imminent. 
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4.0  EXPERIMENTAL  PROGRAMME  - ROTATING  STALL  INVESTIGATIONS 

4.1  Background 

The*  existence  of  large-scale  non- uniformities  in  the  inlet  flow  of  axial 
compressors  has  recently  received  widespread  attention.  The  mathematical 
difficulties  in  handling  other  than  linearised  models  of  such  flows  have 
however  limited  theoretical  developments:  furthermore,  the  complexities  of 
data  acquisition  and  presentation  and  even  the  development  of  suitable 
parameters  by  which  to  describe  these  unsteady  phenomena  have  severely  hampered 
the  experimentalist.  Nevertheless,  continued  improvement  to  axial  compressor 
performance,  particularly  in  surge-margin  and  operating  range,  must  include 
an  improved  understanding  of  unsteady  effects. 

For  compressors  operating  near  the  surge  line,  the  development  of 
rotating  stall  cells  appear  to  be  a common  or  maybe  universal  (Ref.  5.6), 
precursor  to  complete  breakdown  of  performance.  This  phenomenon  consists  of 
regions  or  cells  of  retarded  flow  moving  around  the  annulus  relative  to  the 
blades.  Axial  symmetry  is  destroyed,  resulting  in  stalled  blades  in  parts 
of  the  annulus  and  unstalled  blades  in  the  remainder.  The  stall  cell  moves  in 
the  direction  against  that  of  the  rotor,  relative  to  the  blades,  but  since 
the  relative  speed  of  propagation  is  usually  less  than  the  rotor  speed,  the 
cell  is  seen  to  move  in  the  same  direction  as  the  rotor  in  an  absolute  frame 
of  reference. 

The  presence  of  the  stall  cells  results  in  a deterioration  of  compressor 
performance  since  the  maximum  pressure  ratio  is  not  achieved  in  regions  of 
retarded  flow.  Furthermore,  since  this  self-induced  distortion  is  periodic, 
the  forced  frequencies  generated  may  coincide  with  the  natural  harmonics  of 
the  blading,  tending  to  cause  structural  damage. 

The  effects  of  non-uniform  inlet  conditions  and  the  development  of 
rotating  stall  are  clearly  not  unrelated-;  one  results  from  an  external 
influence  upstream  of  the  stage,  the  other  can  be  generated  within  the  blade 
row,  but  both  result  in  non-axi symmetric  and  therefore  unsteady  flow  conditions 
within  rotor  rows.  The  distortions  may  be  from  one  to  many  blade  passages 
in  circumferential  extent  and  therefore  have  associated  frequencies  of  the 


order  of  the  rotor  rotating  speed.  These  are  of  course,  much  lower  than 
the  blade  passage  frequencies  encountered  when  considering  blade  wake  effects. 

Described  here  is  a series  of  experiments  in  which  a fully  instrumented 
axial  compressor  was  tested  over  a wide  range  of  operating  conditions.  Not 
only  was  the  compressor  overall  performance  obtained,  but  the  distribution  of 
static  pressure  along  the  rotor  blade  surfaces  was  measured  with  high  response 
instrumentation.  Data  were  obtained  both  for  undistorted  and  distorted  inlet 
flows,  the  latter  being  generated  by  uniform  porosity  screens  of  various 
circumferential  extent  mounted  at  the  compressor  inlet. 

Of  particular  interest  was  the  development  of  rotating  stall  cells  when 
the  compressor  operated  near  the  surge-line.  The  on-rotor  pressure  measure- 
ments showed  very  clearly  the  formation  of  these  cells,  whose  development, 
circumferential  extent  and  speed  of  rotation  were  found  to  be  significantly 
affected  by  the  nature  of  the  upstream  flow. 

4.2  The  Experimental  Facility 


The  test  rig  (fig.l)  was  a lightly-loaded,  single  stage  axial  compressor, 
having  constant  annulus  cross-section  measuring  25.4  cm  diameter  at  the 
hub  and  50.8  cm.  at  the  tip.  All  blades  were  built  up  from  C4  sections.  A 
variable-speed,  5hp  motor  drove  the  compressor  at  speeds  up  to  a maximum  of 
1500  rpm.  The  massflow  was  controlled  by  a throttle-valve  situated  at  the 
tailpipe  exit. 

The  rig  was  fitted  with  the  usual  instrumentation  required  to  evaluate 
overall  compressor  performance.  Inner  and  outer  wall  static  tappings  were 
positioned  ahead  of  and  behind  alibiy  blade  row,  and  the  downstream  stagnation 
pressures  were  measured  by  four  rakes  disposed  orthogonally,  each  having  nine 
shrouded  pitot  heads.  All  pressure  readings  were  taken  from  inclined  multiple 
manometer  banks.  Hot  wire  anemometer  measurements  were  taken  with  the  probe 
situated  in  the  compressor  inlet,  providing  both  mean  and  turbulence 
velocities  for  a selected  number  of  operating  conditions. 


The  compressor  pressure  ratio  was  calculated  from  the  total  pressure 
measured  downstream  of  the  stage  by  the  36  stagnation  pressure  probes.  Using 
the  averaged  value  of  static  pressure  from  the  inner  and  outer  wall  tappings 
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downstream  of  the  stage,  together  with  the  36  stagnation  pressure  readings, 
the  velocity  distribution  was  obtained  radially.  Area  weighted  integration 
of  this  distribution  yielded  the  compressor  massflow. 

The  rotor  speed  was  measured  by  mounting  a 60  tooth  gear  wheel  on  the 
drive  shaft.  An  inductive  pick-up  sensed  the  passage  of  each  tooth  and  the 
number  counted  over  a period  of  one  second  was  displayed  on  a frequency 
meter  (yielding  speed  in  rev/mi n directly). 

Two  rotor  blades  were  instrumented  at  blade  mid-height  (bmh),  one  with 
eight  static  pressure  tappings  on  the  pressure  surface,  and  the  other  with 
eight  tappings  on  the  suction  surface.  A high-frequency  response  transducer 
(70  kHZ)  was  mounted  at  bmh  for  each  tapping.  The  pressure  was  fed  from  the 
blade  surface  to  the  transducer  volume  within  the  blade  via  a 0.038  cm  diameter 
transfer  tube  (maximum  length  of  0.152  cm).  The  transducers  had  a miniature 
silicon  diaphragm  (0.318  cm)  on  which  a full  Wheatstone  bridge  network  was 
diffused.  The  electrical  output  wires  were  routed  down  through  the  blade  root 
to  a remotely-controlled  switching  circuit  mounted  on  the  rotor  disc.  The 
signals  were  then  taken  from  the  rotating  rig  via  a precision  slipring  assembly 
(noise  <5vjV/ma)  to  an  external  switch  control  device  and  finally  to  amplification  / 
recording  equipment. 

The  system  was  designed  so  that  any  eight  transducers  could  be  recorded 
simultaneously.  This  was  wired  for  four  channels  (combinations)  of  eight 
transducers.  Selection  of  channel  A connected  the  eight  pressure  surface 
transducers  to  eight  galvanometers  in  an  ultraviolet  recorder.  The  other  three 
channels  were:  B)  8 suction;  C)  4 leading  edge  (LE)  suction  and  4 LE  pressure; 

D)  4 trailing  edge  (TE)  suction  and  4 TE  pressure  tappings.  Channels  C and  D 
were  included  to  permit  time-matching  of  suction  and  pressure  surface 
measurements  (taken  from  different  blades)  during  unsteady  flow. 

The  entire  pick-up  and  recording  system  had  a frequency  response  in 
excess  of  4000  Hz,  sufficiently  high  to  handle  all  frequencies  encountered. 

A yawmeter  was  located  one-half  chord  upstream  of  the  rotor,  permitting 
calculation  of  the  upstream  static  pressure  and  inlet  relative  velocity. 
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The  blade  surface  pressure  distribution  data  were  evaluated  in  the  usual 
pressure  coefficient  (Cp)  form,  where:- 


In  the  case  of  the  unsteady  experiments,  where  only  time  averaged  values 
of  p-j  and  V.j  were  known,  a new  pressure  coefficient  C*  was  utilised,  where:- 

C*  - P ' P9 


p is  the  static  pressure  measured  at  the  same  blade  tapping  at  the  same  flow 

0 

conditions  in  steady  flow  and  the  denominator  represents  the  time-averaged 
dynamic  pressure  as  seen  by  the  rotor.  Thus  C*  represents  the  change  in  the 
blade  surface  static  pressure  distribution  resulting  from  the  presence  of  the 
rotating  stall  and/or  inlet  flow  distortion. 


4.3  Experimental  Results  in  Undistorted  Inlet  Flow 
4.3.1 . Unstalled  Flow 


The  experimental  compressor  performance  map  is  shown  in  fig.  2.  Data 
are  shown  for  ten  operating  points  at  a constant  rotational  speed  of  1250  rev/min. 
Measured  rotor  blade  surface  pressure  distributions  are  plotted  in  fig.  3 for 
the  nine  unstalled  operating  conditions  (a  - i)  of  fig  2. 

While  at  the  higher  and  lower  incidences  these  data  show  unexpected 
excursions,  they  are  in  good  agreement  with  other  data  near  the  design  incidence. 
Fig.  4 shows  a comparison  between  the  present  results  and  those  reported  in 
Ref.  7 and  8 for  similar  blades  operating  at  similar  incidences  and  Reynolds' 
numbers  for  rotor  and  cascade  respectively.  Fig.  5 shows  a comparison  between 
the  present  experimental  data  and  those  calculated  by  the  analytical 
method  of  Martensen  (Ref.  9).  In  all  cases  the  agreement  is  good.  It  may 
be  observed  that  the  ripple  in  the  convex  surface  measured  by  Rhoden  (Ref. 8) 
and  followed  by  the  data  reported  here,  was  ascribed  to  the  presence  of  a 
laminar  separation  bubble,  a phenomenon  which,  in  any  case,  could  not  be 
predicted  by  the  inviscid  model  of  Martensen  (Ref.  (9). 
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4.3.2  Rotating  Stall 

Further  reduction  of  the  compressor  mass  flow  from  point  i of  fig.  2 
to  point  j led  to  the  inception  of  rotating  stall  in  the  rotor.  Fig.  6 shows 
the  variation  of  rotor  blade  pressure  surface  static  pressure  as  a function 
of  circumferential  location  at  a constant  flow  condition  indicated  by 
point  j (fig.  2).  Data  are  given  for  seven  chordal  locations,  with  tapping 
1 being  nearest  the  leading  edge.  Rotor  movement  was  in  the  direction  of  increasing 
e. 


Examination  of  fig.  6 reveals  that  at  a given  tapping,  the  pressure  pattern 
repeated  itself  approximately  every  540°  of  absolute  rotor  rotation  and  thus 
the  stall  pattern  moved  in  the  same  direction  as  the  rotor  at  one-third  its 
rotational  speed  when  viewed  in  the  absoluted  frame  of  reference.  Relative 
to  the  rotor  however,  the  stall  pattern  moved  in  the  opposite  direction 
at  roughly  two-thirds  the  rotor  rotational  speed. 

It  may  also  be  seen  from  fig.  6 that  the  rotating  stall  cell  first  appeared 
at  the  rearmost  portion  of  the  rotor  blade  and  moved  upstream  requiring  about 
20°  of  relative  rotation  (i.e.  three  blade  passages)  to  reach  the  leading 
edge  and  become  fully  established.  The  cell  occupies  roughly  20  per  cent  of 
the  circumferential  extent  to  the  annulus. 

The  data  of  fig.  6 are  replotted  in  the  form  of  pressure  coefficient 
and  chordal  dimension  in  fig.  7 and  8.  Fig.  7 shows  a comparison  of  the  results 
obtained  in  the  unstalled  flow  (i  = 11.9°)  with  those  for  flow  with  rotating 
stall  at  a point  circumferentially  remote  from  the  stall  cell  ( e=  660°).  The 
incidence  at  the  latter  condition  was  approximately  14°.  Given  the  modest 
difference  in  incidence,  the  two  results  are  in  excellent  agreement,  showing 
that  the  flow  had  adequate  opportunity  to  re-establish  its  steady  state  flow 
pattern  between  successive  passages  of  the  stall  ( a key  assumption  in  the 
parallel  compressor  model  of  the  rotating  stall  flow.)  Fig.  8 shows  the 
measured  rotor  pressure  coefficient  for  a number  of  azimuthal  positions  (the 
reference  position  for  eand  6'  are  shown  in  fig.  6).  It  is  clear  that  at 
e = 180°  a significant  pressure  distribution  change  had  been  experienced 
by  the  suction  surface  and  the  leading  edge  region  of  the  pressure  surface. 

By  the  time  the  rotor  had  moved  to  0=  22b°  both  surfaces  experienced  gross 
changes  in  pressure  distribution.  Not  until  the  rotor  had  rotated  nearly 
a full  revolution  (to  0=  540°)  was  the  flow  fully  re-established. 
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To  illustrate  more  clearly  the  effect  of  the  rotaing  stall  cell  on  blade 
element  performance  fig.  9 shows  a plot  of  C*v chord.  The  reference  state 
for  p_  and  hence  C*  was  the  pressure  distribution  obtained  at  e=  45°,  a 
condition  sufficiently  removed  from  the  stall  cell  that  ‘clear  flow'  pre- 
vailed. Absolute  values  of  C*  are  not  particularly  meaningful  in  view  of  the 
averaging  required  in  computing  the  denominator,  but  shifts  from  the  zero 
reference  are  a qualitative  measure  of  change  in  blade  surface  pressure 
distribution  as  a result  of  the  pressure  of  rotating  stall.  As  was  observed 
by  Day  (Ref.  10)  the  rotating  stall  cell  is  a highly  active  region  of  flow; 
and  this  is  supported  by  these  data,  The  rapid  changes  of  surface  pressure 
in  the  region  of  e = 405°  are  evidence  that  reversed  flow  existed  in  the  blade 
passage. 

4.4  Experimental  Results  in  Distorted  Flow 

4.4.1  [Installed  Flow 

To  assess  the  effects  of  inlet  distortion  on  the  blade  pressure  distributions 
a 90°  squarewave  distortion  was  generated  by  positioning  a uniform  low 
porosity  wire-mesh  screen  one-half  diameter  upstream  of  the  stage.  The 
resulting  overall  compressor  characteristic  is  shown  in  fig.  10  superimposed 
for  comparison  upon  the  undistorted  flow  characteristic.  The  movement  of  the 
stabil  ity  line,  yielding  a surge-margin  reduction  for  an  operational  compressor, 
is  evident. 

The  associated  variation  of  stagnation  and  static  pressure  upstream  of 
the  stage  is  indicated  in  fig.  11  for  the  operating  points  q-v  on  the  charact- 
eristic (fig.  10).  A discussion  of  the  seemingly  anomolous  rise  in  static 
pressure  upstream  of  the  rotor  as  it  emerged  from  the  distortion  region  is 
given  in  Ref.  7.  The  corresponding  circumferentially  varying  stagnation  and 
static  pressures  downstream  of  the  stage  are  presented  in  fig.  12  for  an 
operating  point,  v,  close  to  the  stability  limit. 

An  example  of  a typical  rotor  blade  concave  surface  pressure  distribution 
at  the  same  operating  condition  is  shown  if  fig.  13.  The  blade  clearly 
experienced  a significant  pressure  disturbance  every  revolution,  but  the 
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effect  was  generally  limited  to  the  forward  portion  of  the  passage.  The 
effect  of  the  distortion  screen  may  be  seen  more  clearly  in  fig.  14  in  which 
C*  is  plotted  as  a function  of  blade  chord  for  a number  of  tangential 
locations.  In  this  instance  C * is  a measure  of  the  difference  in  static 
pressure  between  that  at  a given  and  that  prevailing  at  a reference  value 
of e for  comparatively  undisturbed  flow  - in  this  case  at e = 150°.  If  the 
undistorted  flow  pressure  distribution  is  taken  to  correspond  roughly  to  that 
shown  tor e = -90°,  it  is  clear  that  major  pressure  changes  began  to  take  place 
some  30°  before  the  rotor  entered  the  shadow  of  the  screen  and  persisted 
for  at  least  60°  after  it  emerged  from  behind  the  screen.  This  observation 
is  consistent  with  the  spread  in  upstream  static  pressure  (fig.  11)  and  the 
corresponding  downstream  stagnation  pressure  distribution  (fig. 12). 

4.4.2  Rotating  Stall 

Closure  of  the  throttle  to  move  the  compressor  operating  point  from  v 
to  w on  fig.  10  led  into  what,  from  instrument  observation,  may  be  described 
as  a classic  rotating  stall  mode.  For  example,  fig.  15  shows  rotor  blade 
concave  surface  pressure  distributions  as  a function  of  6 . While  superficially 
similar  to  those  data  found  in  the  rotating  stall  case  without  inlet  distortion 
screens  (fig.  6)  several  important  differences  may  be  observed.  The  period 
of  the  rotating  stall  cell  cycle  lengthened  from  540°  to  720°  of  rotor 
rotation,  meaning  that  the  cell  was  rotating  at  one-half  the  rotor  speed  relative 
to  a stationary  observer  (c.f.  one-third  rotor  speed  in  the  case  of  undistorted 
inlet  flow).  Thus  the  cell  was  moving  at  relative  to  the  rotor,  compared 

2i)  c 

with  for  flow  without  a distortion  screen.  It  is  also  clear  that  the 
pressure  perturbation  propagated  from  the  leading  to  the  trailing  edge  of  the 
blade,  unlike  the  undistorted  flow  case(fig6)  in  which  the  reverse  was  true. 
Furthermore,  on  alternate  revolutions,  when  the  instrumented  blade  passed 
through  the  screen  shadow  but  the  stall  cell  was  diametrically  opposite  in 
the  compressor  annulus,  only  a minor  perturbation  in  static  pressure  was 
experienced  at  the  forward  three  measuring  station.  The  remainder  were  un- 
affected. 

The  rotor  blade  surface  pressure  distributions  were  plotted  in  the  form 

x 0 

of  C*v  / in  fig.  16  where  the  reference  condition  for  C*  was  taken  at  0 = 225 

(see  fig.  15).  In  the  region  0°  « e < 75°,  following  the  transit  of  the 

stall  cell  the  flow  was  being  re-established  in  the  blade  passage.  For  the 
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range  75°  < 0 < 150°  the  flow  was  apparently  stabilized,  the  apparently 
unusual  pressure  distribution  being  a consequence  of  selectinge  = 225°  as 
the  reference  condition  for  C*.  For  150°  < 0 < 330°  the  blade  experienced 
modest  pressure  fluctuations  as  a result  of  passing  through  the  distorted  inlet 
flow,  but  major  pressure  excursions  did  not  commence  until  0 = 630°.  In  the 
range  630°  < 0 < 780°  the  rotor  blade  clearly  experienced  rapid  changes  in 
loading,  characteristic  of  the  transit  of  a rotating  stall  cell.  Finally 
(0  > 810°)  the  flow  was  restored  to  the  state  which  prevailed  720°  earlier. 

Other  distortion  screens  of  different  circumferential  coverage  (15°  to  120°) 
and  varying  porosity  were  investigated,  but  in  no  other  instance  was  rotating 
stall  observed.  For  example,  a 15°  screen  of  the  same  (low)  porosity  as  that 
described  above  did  not  produce  rotating  stall. 

4.5  Discussion 

It  would  be  inappropriate  to  draw  general  conclusions  from  the  limited 
data  presented.  The  existence  however  of  two  different  stall  regimes  suggests 
that  two  different  mechanisms  of  rotating  stall  initiation  on  the  rotor  are 
possible.  In  the  undistorted  flow  case,  the  rotor  blade  surface  pressure 
distributions  indicate  a disturbance  moving  forward  in  the  blade  row.  This 
is  not  inconsistent  with  the  observations  of  others  (e.g.  Ref.  10)  who,  on 
the  basis  of  observations  made  upstream  and  downstream  of  the  blade  row, 
concluded  that  reverse  flow  is  possible.  It  further  suggests  the  rotating 
stall  cell  has  its  origins  in  the  stator  and  that  the  rotor  is  responding  to 
? rotating  downstream  blockage.  To  check  this,  further  experiments  would  be 
needed. 

< 

In  the  case  of  the  distorted  inlet  flow,  the  stall  cell  is  clearly  rotor- 
initiated.  The  perturbation  resulting  from  passage  of  the  stall  cell  is  much 
greater  than  that  caused  solely  by  the  distortion  screen  and  in  fact,  once 
rotating  stall  is  established,  the  unstalled  portion  of  the  annulus  is 
virtually  unaffected  by  the  distortion.  This  latter  observation  lends  support 
to  the  stall  model  of  Ref.  11  in  which  it  is  suggested  that  the  unstalled 
portion  of  the  flow  is  operating  well  below  the  stall  line  on  the  operating 
curve;  it  is  therefore  comparatively  immune  to  upstream  perturbations.  This 
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flow,  combined  with  the  small  mass  flow  rate  passing  through  the  stall  cell, 
results  in  the  mass-averaged  performance  given  by  the  point  w in  fig.  10. 

The  inception  of  rotating  stall  and  the  flow  pattern  within  a stall  cell 
and  the  mechanism  controlling  the  flow  pattern  within  the  stall  cell  are 
not  currently  well  understood.  These  data,  with  the  detailed  information 
on  flow  within  the  rotating  blade  row  may  have  some  value  in  improving  knowledge 
in  this  complex  flow  situation,  which  is  still  a limitation  in  axial  compressor 
performance . 


13 


I 


5.0  CONCLUSIONS 

Two  elements  of  the  research  work  to  be  covered  by  the  grant  AF0SR-77-3305 
are  reported.  Progress  of  the  commissioning  of  the  high  speed  data  acquisition 
and  analysis  system  is  recorded  and  it  is  noted  that  this  is  virtually 
ready  to  be  included  in  the  experimental  programme.  Meanwhile  data  on  the 
internal  structure  of  rotating  stall  cells  and  the  identification  of  two 
types  of  cell  are  presented.  While  these  data  are  not  immediately  applicable 
to  the  designer  they  do  add  to  the  body  of  data  available  on  the  subject  and 
they  offer  new  insights  into  the  rotating  stall  mechanism. 
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= compressor  operating  points  on  characteristic  in  undistorted  flow 
= compressor  operating  points  on  characteristic  in  distorted  flow 
= blade  surface  coefficient  of  pressure  = p-p^ 

= dimensionless  blade  surface  pressure  change  due  to  stall  or 
distortion  = P P9 
£pW? 

= compressor  stagnation  pressure  ratio 

P-P 

= stagnation  pressure  coefficient  = 1^ 

£p  V2 
ztVo 

= static  pressure  coefficient  = P"Pl 


= Mass  flow  rate 
= rotor  rotational  speed 
= Stagnation  pressure 
= static  pressure 

= blade  surface  static  pressure  in  distorted  flow  rotating  stall 
= blade  surface  static  pressure  relative  to  atmospheric  pressure 
= Pc  - P 

= Reynolds' Number  based  upon  blade  chord 
= Absolute  temperature 

= gas  velocity  in  absolute  frame  of  reference 
= gas  velocity  relative  to  the  rotor 
= dimensionless  chordal  distance 

= circumferential  position  with  respect  to  a fixed  reference 
= circumferential  extent  of  distortion 
= circumferential  position  of  stall  cell  with  respect  to  a 
reference  fixed  to  the  rotor 
= rotor  blade  speed 
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i = flow  incidence  to  blade 

p = fluid  density 

t = angular  extent  of  rotating  stall  cell  period,  expressed  in  absolute 

degrees  of  rotor  rotation 

Subscripts 

= upstream  of  distortion  screen 
1 = upstream  of  rotor 

= ambient 

oo 

Superscripts 


= mass  averaged  quantity 
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